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Purpose: To compare retinal vascular parameters acquired by handheld swept-source
optical coherence tomography angiography (SS-OCTA) between nonsedated preterm
and full-term infants.
Methods: Preterm and full-term infants at the University of WashingtonMedical Center
were enrolled. Retinal angiograms (nominal size ∼7 × 7 mm2) were obtained at each
routine retinopathy of prematurity (ROP) screening session for preterms and once
during the first 72 hours of life for full-terms. Macular vessel area density and nonper-
fusion area were evaluated on the binarized vasculature map in both small (1.5 × 1.5
mm) and large (3 × 3 mm) quadrants. Average vessel diameter and tortuosity values
were obtained from each large vessel branch (length >200 μm). All vascular analyses
used previously published algorithms.
Results: Handheld SS-OCTA captured 31 of 55 (56%) high-quality volumes on 8 awake
preterm infants (gestational age 28± 4weeks, birth weight 891± 314 g, postmenstrual
age at first imaging session 37 ± 2 weeks) and 48 of 54 (89%) volumes on 12 awake
full-term infants (gestational age 39 ± 1 weeks, birth weight 3405 ± 329 g). Signal-to-
noise ratiowas 5.08± 1.52 dB in preterm and 4.90± 1.12 dB in full-term infants. Preterm
infantshadhighermean largevessel tortuosity compared to full-term infants (P=0.004).
The large nasal quadrant vessel area density of infants with stage 3 and/or pre-plus or
worse ROP was higher than other preterm infants (P = 0.007).
Conclusions: Although inadequate image quality limited usable imaging sessions,
handheld SS-OCTA achieved adequate signal-to-noise ratio in nonsedated infants for
quantitative retinal vascular parameter analysis.
Translational Relevance: Large- and small-vessel parameters were associated with
prematurity and ROP severity, respectively.
Introduction
Retinopathy of prematurity (ROP) is a vasopro-
liferative disorder occurring in premature infants
whereby immature retinal vasculature is introduced
to a relatively hyperoxic environment, leading to
neovascularization and, occasionally, retinal detach-
ment.1,2 ROP remains the leading cause of childhood
preventable blindness in both the developing and devel-
oped world, despite advances in treatment.3–5
Handheld optical coherence tomography (OCT)
is a noncontact and noninvasive imaging technique
for detailed assessment of retinal microanatomy in
supine infants.6,7 Subclinical morphologic findings
in the retina and vitreous, such as punctate hyper-
reflective vitreous opacities, vitreous bands, preretinal
tissue, epiretinal membrane, cystoid macular edema,
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retinoschisis, retinal detachment, and cross-sectional
retinal vascular changes associated with plus disease,
have been visualized using handheld OCT at the time
of ROP screening.8–13
To visualize the retinal vasculature, indirect
ophthalmoscopy, retinal fundus photography, and
fluorescein angiography are traditionally employed.
However, these methods are variably limited by lack of
microvascular detail, lack of objective measurements,
and necessity for venous injection of fluorescein
dye.14–17 More recently, increased acquisition speed
has allowed for performing swept-source OCT angiog-
raphy (SS-OCTA) on infants.18–26 Our group reported
a portable handheld clinical prototype SS-OCTA
system optimized for imaging awake infants.22 The
handheld OCTA probe features a unique on-probe
display for directly previewing the OCT B-scan results,
a built-in iris viewer for rapidly aligning the probe with
the patient’s optical axis, and joystick controls to adjust
the reference optical delay and fiber polarization state.
The capability of this system was demonstrated on
healthy adults and nonsedated preterm and full-term
infants with high-quality four-layer OCTA (super-
ficial retina, deep retina, choriocapillaris, and deep
choroid).22,27
The clinical relevance of quantitative retinal vascu-
lar morphologic parameters assessed from OCTA
images has been well established in the adult retinal
literature.28 For example, vessel area density, blood
perfusion, and vessel diameter quantified from OCTA
were identified as markers for diabetic retinopathy29–32
and glaucoma.33–40 Vessel tortuosity assessed from
OCTA demonstrated diagnostic potential in diabetic
retinopathy,41,42 familial retinal arteriolar tortuosity,43
and branch retinal vein occlusion.44 In contrast, less
literature has been published on quantitative OCTA
imaging in the infant population. Hsu et al.24 used
an investigational Spectralis with Flex module device
(Heidelberg Engineering, Heidelberg, Germany) to
quantify foveal avascular zone (FAZ), vessel area
density, and vessel length density in sedated infants.
Compared to older children, their work identified
retinal vascular variation across age, race, and axial
length. Kothari et al.26 identified small FAZs among
seven extreme low birth weight infants with ROP.
Beyondmeasuring the FAZ, quantitativeOCTA retinal
microvasculature and large blood vessel parameters in
preterm infants with ROP have not been reported so
far. An understanding of retinal vascular features using
OCT in prematurity may provide new opportunities to
detect ROP-related vascular pathologies.
In this study, we compared quantitative retinal
microvasculature and large retinal blood vessel param-
eters among preterm infants screened for ROP and
full-term normal newborn controls using our novel
handheld clinical prototype SS-OCTA system with
the goal to demonstrate feasibility of this imaging
approach in awake infants.
Methods
Participants
Eight premature infants (16 eyes) and 12 full-
term infants (24 eyes) were enrolled in this study.
Among premature infants, five infants included in the
previous studies22,27 were also included in this study.
The study was approved by the institutional review
board of Seattle Children’s Hospital and the Univer-
sity of Washington (Seattle, Washington), which also
conformed to the tenets of the Declaration of Helsinki
and the Health Insurance Portability and Account-
ability Act. Informed consent was obtained from the
legal guardians of each neonate prior to imaging after
explaining the nature and possible consequences of the
study.
Consecutive preterm infants in the University of
Washington Medical Center neonatal intensive care
unit undergoing routine clinical ROP examinations
were eligible for the study. Criteria for ROP screen-
ing were defined as less than 30 weeks’ gestation, less
than a 1500-g birth weight, or with an unstable clini-
cal course based on neonatologist discretion. Consec-
utive full-term newborn infants in the University of
Washington Maternal Infant Center were also eligible
for the study if they had a gestational age greater than
37 weeks and were at least 12 hours old at the time
of imaging. In order to minimize logistical burden for
the unit, full-term infants whose family had significant
social challenges (e.g., drug addiction, Child Protec-
tive Services involvement, controversial guardianship,
ormajor behavioral problems) were not approached for
this study.
Handheld SS-OCTA System
An investigational prototype handheld SS-OCTA
system developed at the University of Washington,
Seattle, in the laboratory of Ruikang Wang, PhD, was
used for all imaging sessions, described in detail previ-
ously.22 Briefly, the system utilized a 200-kHz A-scan
rate swept-source laser with a central wavelength of
1051 nm and a spectral tuning range of 105.2 nm,
providing a measured axial resolution of ∼6 μm in
tissue. The lateral resolution on the retina was calcu-
lated to be ∼16 μm (for a typical 6.3 × 6.3-mm field
of view in infants sampled at 400 × 400 A-scans).
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The optical power emitted from the handheld probe
was approximately 1.9 mW at the cornea and within
the safety limits established by the American National
Standards Institute.45 The largest field of view that this
handheld SS-OCTA system could providewas about 40
degrees.
Imaging Protocol
Preterm infants were imaged on the same day as
each routine ROP examination, and full-term infants
were imaged only once during the first 72 hours of life
prior to discharge. Imaging procedures were previously
described.22 Briefly, all infants were placed in the supine
position, and the iris viewer was used to center the
probe over the pupil. The reference delay and polariza-
tion were adjusted on the probe to center andmaximize
the intensity of the B-scan on the display. Finally,
refractive error was accounted for (if necessary) by
manually adjusting the probe’s lens before starting
data acquisition. Each imaging session was restricted
to a total of 15 minutes for both eyes. Pupils were
dilated by applying an ophthalmic solution contain-
ing phenylephrine hydrochloride, 1%, and cyclopen-
tolate, 0.2% (Cyclomydril; Alcon Laboratories, Fort
Worth, TX, USA), twice, 5 minutes apart, at least 40
minutes before all imaging sessions. No eyelid specula
were used; the infants’ eyelids were held open with
the imager’s fingers during imaging. Artificial tears
(sodium chloride solution, 0.9%) were usually applied
to lubricate the cornea during imaging. Oral sucrose
24% with a pacifier was sometimes used to minimize
infant stress.
We used a custom LabVIEW (LabVIEW 2016;
National Instruments, Austin, TX, USA) program to
acquire the OCTA images in this study. All OCTA
volumes consisted of 400 B-scans with 400 A-scans
per B-scan, and each B-scan was repeated four times
at each location. The scanning time for each OCTA
volume was 3.2 seconds.
OCTA Image Processing and Quantification
Custom MATLAB scripts (MATLAB 2018a;
MathWorks, Natick, MA, USA) were employed to
execute postprocessing of acquired OCTA volumes.
A previously reported complex optical microan-
giography algorithm was utilized to extract blood
flow information.46,47 The retinal layer segmentation
and motion corrections were implemented through
a semiautomated segmentation program.48 We did
not segment by deep and superficial retinal capil-
lary plexus since the vascular networks in individual
retinal layers were underdeveloped, as previously
described in newborns.49,50 Instead, we reconstructed
the angiogram with a nominal size of 7 × 7 mm2,
where the size was determined based on the axial eye
length estimated from gestational age, including all
retinal layers, in order to achieve adequate sampling
for determination of retinal vascular parameters.
The vasculature of all retinal layers was obtained as
the maximum intensity projection of blood vessels
between the internal limiting membrane and the outer-
most border of the outer nuclear layer, as shown
in Figures 1A–C.
All OCTA images underwent a brief review to
eliminate retinal angiograms with insufficient quality
before proceeding to quantification of blood vessel
parameters. The exclusion criteria included (1) no fovea
captured in the OCTA volume, (2) disrupted main
retinal vessels caused by large motion artifact, (3)
distorted main retina vessels caused by infants visually
following the scanning line during the OCTA volume
acquisition, or (4) blur/fade microvasculature caused
by inaccurate manual refractive error adjustments.
To ensure that the OCTA data acquired at various
orientations were comparable between infants with
various axial eye lengths, several calibrations on the
retinal angiograms were implemented before vascu-
lar quantification, including (1) field-of-view calibra-
tion based on the axial length estimated from gesta-
tional age51,52 and (2) anatomic position correction
by leveling the central line between the optic disk
and the fovea. The calibrated and reoriented retinal
OCTA images were then put into a 10 × 10-mm blank
frame (black background) and centered at the fovea
for further quantification, as shown in Figure 1D. The
foveal center was determined from the corresponding
cross-sectional OCT structural volume as the location
of the lowest point of the inner retina in cases of
normal foveal contour or the highest point in cases of
extensive cystoid macular edema.
To explore the retinal blood vessel differences
between groups, four vascular morphology param-
eters were calculated: vessel area density,53 nonper-
fusion area,53 mean large vessel diameter,53 and
mean large vessel tortuosity.54 Recognizing regional
macular variability in vascular findings,55,56 microvas-
cular parameters (vessel area density and nonper-
fusion area) were evaluated based on the binarized
vasculature map on the quadrant level. Quadrant-level
analysis also allowed for the exclusion of quadrants
with poor image quality. In order to explore differ-
ences in microvascular parameters based on location,
we defined two nominal quadrant sizes: four small
1.5 × 1.5-mm2 quadrants and four large 3 × 3-
mm2 quadrants (including the contents of the small
quadrants) centered at the fovea (Fig. 1D). In contrast,
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Figure 1. Neonatal swept-source optical coherence tomography angiography image processing. (A) En face projection of the retina, with
a field of view of 7.05× 7.05mm, produced bymean intensity projection of the entire optical coherence tomography volume. (B) A selected
cross-sectional B-scan (location indicated by the red dashed line in (A)) showing the center of the fovea with retinal segmentation overlay
(red solid line, internal limiting membrane; blue solid line, outermost border of outer nuclear layer). (C) Corresponding retinal angiogram
produced bymaximum-intensity projection between the internal limitingmembrane and outer nuclear layer. (D) Calibrated and reoriented
retinal angiogram centered at the fovea in a 10 × 10-mm blank frame with both small and large quadrant segmentation shown. The retinal
angiogramwas reoriented by leveling the central line between the optic disk and the fovea. A disk-shapedmask with the same diameter as
the optic disk was applied to exclude the vessels overlying the optic disk. All scale bars represent 1 mm. NIL, nasal inferior large; NIS, nasal
inferior small; NSL, nasal superior large; NSS, nasal superior small; TIL, temporal inferior large; TIS, temporal inferior small; TSL, temporal
superior large; TSS, temporal superior small.
the large-vessel parameters (mean large-vessel diameter
andmean large-vessel tortuosity) were calculated based
on the entire calibrated angiogram. Both retinal arter-
ies and veins were included in the large-vessel param-
eter quantification. The mean large-vessel diameter
was calculated using the same method as previously
described.53 However, we employed a vessel length filter
of a minimum 200 μm. This threshold was subjec-
tively selected by one of the authors (YC) to eliminate
dense and short capillary vessels for optimal large-
vessel visualization. Tortuosity was defined as the ratio
of the length of the curve of a vessel segment over
the distance between two ends of the curve.54 The
mean large-vessel tortuosity was calculated by averag-
ing the local tortuosity values for each large-vessel
branch. A disk-shaped mask with the same diame-
ter as the optic disk was used to obscure the optic
disk when quantifying the large-vessel parameters to
eliminate analysis of vessels on the disk, as shown in
Figure 1D.
Before proceeding to statistical analysis, all quanti-
fied OCTA images underwent an additional analy-
sis to eliminate poor-quality quadrants. The exclusion
criteria for quadrants were defined as more than 30%
quadrant area missing blood vessel information (due
to decentration or motion artifact caused by opera-
tor’s hand or infant motion during acquisition) or low
signal-to-noise ratio (SNR) of blood vessels in the
quadrant (less than 80% of the average SNR of the
entire OCTA image). The SNR of blood vessels was
defined as 20 × log10 (Ivessel/Inoise), where Ivessel repre-
sents the intensity of the blood vessels, and Inoise repre-
sents the intensity of the noise floor in the angiogram
(i.e., intensity of the area without blood vessels).
Statistical Analysis
Excluding poor-quality quadrants, the intraob-
server variation for each vascular quantification
parameter was evaluated using the coefficient of
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variation from two consecutive OCTA acquisitions
in the same eye. After eliminating retinal angiograms
with insufficient quality,microvascular parameters (i.e.,
vessel density and nonperfusion area) were compared
between paired nasal and temporal quadrants (analy-
sis separated by large and small quadrants, taking
mean of any included superior and inferior quadrants)
within premature and mature full-term infant groups,
respectively, using a paired t test. Small- and large-
vessel parameters quantified from high-quality retinal
angiograms among all imaging sessions were compared
between premature and mature full-term infants as
well as between premature infants with and without
advanced ROP (defined as stage 3 and/or pre-plus or
worseROPbased on clinical indirect ophthalmoscopy).
Due to the similarity between the superior and inferior
macular regions, we grouped their microvascular
quantification values together for these comparisons.
The generalized linear mixed model was used to
compare retinal blood vessel parameters between
groups, accounting for nonindependence of multi-
ple measurements (both eyes, quadrants, and visits)
per infant. Statistical calculations for all blood vessel
parameters were performed using SAS version 9.4
(SAS Institute, Inc., Cary, NC, USA), while the
statistical analysis for the SNRs of the data set was
performed on MATLAB 2018a (MathWorks) using
the Wilcoxon rank-sum test. A two-sided P value of
0.05 was considered statistically significant.
Results
Study Participants
Demographic and clinical characteristics of all
study participants are shown in Table 1. We obtained
a total of 55 eye imaging volumes on eight preterm
infants (mean gestational age 28 ± 4 weeks, birth
weight 891 ± 314 g, and postmenstrual age at the first
imaging session 37 ± 2 weeks) using the investiga-
tional handheld SS-OCTA. Each infant underwent a
median of 1 (range, 1–4) imaging session on separate
days, and a median of 3 (range, 2–9) volumes were
obtained per imaging session. Three (20%) imaging
sessions were rejected from a total of 15 imaging
sessions due to insufficient quality. Among 45 eye
volumes in the remaining 12 good imaging sessions,
14 (31%) were further rejected as they failed quantita-
tive OCTA analysis. In the remaining 31 volumes, there
were 11 (36%) right eyes, 7 (23%) stage 0, 8 (26%) stage
1, 13 (42%) stage 2, and 3 (9%) stage 3 ROP (based
on indirect ophthalmoscopy). There were no cases of
ROP or avascularity occurring in zone 1, but 16 (52%)
occurred in zone 2 and 15 (48%) in zone 3. Only 3
(9%) eye images were obtained in the setting of pre–
plus disease and none (0%) coincided with plus disease.
Representative OCTA images for preterm infants are
shown in Figures 2A–C.
We obtained a total of 54 eye imaging volumes of 12
full-term infants (mean gestational age 39 ± 1 weeks;
birth weight 3405 ± 329 g) using the investigational
handheld SS-OCTA. Each full-term infant underwent
only one imaging session within the first 72 hours of
life, with a median of 5 (range, 2–7) volumes obtained
per imaging session. Of these, 6 (11%) volumes were
rejected due to insufficient quality. In the remaining 48
volumes, 25 (52%) were performed on the right eye.
Representative OCTA images for full-term infants are
shown in Figures 2D–F.
Image Quality
For a total of 109 eye volumes from both preterm
and full-term infants, 30 (28%) were rejected due to
insufficient quality. Among these rejected volumes,
17 (57%) were rejected because the fovea was not
captured, the primary reason for failure to perform
retinal morphologic parameter analysis in this study.
The second most common reason for insufficient
quality was severe motion artifact in 9 (30%) volumes,
which led to disrupted or distorted retinal vessels in the
resultant OCTA angiograms. The third most common
reason for failure of high-quality OCTA volume acqui-
sition was inaccurate manual refractive error adjust-
ments in 4 (13%) volumes, which resulted in blurred
or faded microvascular networks in the projected
angiogram.
For the remaining 79 high-quality OCTA volumes
after field-of-view calibration and anatomic position
correction, residual missing or low-image quality
quadrants were eliminated from retinal vascular
parameter analysis to further enhance image quality
in the final analysis. Among 31 good-quality volumes
from preterm infants, 20 of 62 (32%) temporal small
quadrants, 11 of 62 (18%) nasal small quadrants, 42
of 62 (68%) temporal large quadrants, and 21 of 62
(34%) nasal large quadrants were excluded based on
predetermined quadrant quality exclusion criteria
(>30% quadrant area missing vessel information or
<80% of average SNR for entire image). According
to the same criteria, 15 of 96 (16%) temporal small
quadrants, 33 of 96 (34%) nasal small quadrants, 47
of 96 (49%) temporal large quadrants, and 61 of 96
(64%) nasal large quadrants were excluded from 48
good-quality volumes obtained from full-term infants.
Among the remaining quadrants, the SNR calcula-
tion indicated that there was no significant difference
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Table 1. Clinical Characteristics and Handheld Swept-Source Optical Coherence Tomography Angiography
Findings of Preterm Infants Screened for ROP and Full-Term Normal Newborns
Preterm Infants Full-Term
Characteristic (n = 8) Infants (n = 12)
Demographic characteristic
Male, No. (%) of infants 3 (38) 4 (33)
Birth weight, mean (SD), g 891 (314) 3405 (329)
Gestational age, mean (SD), wk 28 (4) 39 (1)
Postmenstrual age at the first
OCTA scan, mean (SD), wk
37 (2) 39 (1)
Indirect ophthalmoscopic findings
ROP stage, No. (%) of eye volumes n = 31a
Stage 0 7 (23) NA
Stage 1 8 (26)
Stage 2 13 (42)
Stage 3 3 (9)
ROP zone, No. (%) of eye volumes
Zone I 0 (0) NA
Zone II 16 (52)
Zone III 15 (48)
Pre–plus disease 3 (9)
Plus disease 0 (0)
Handheld SS-OCTA findings P Valueb P Valueb P Valuec
Vessel area density, mean (SD)d
Temporal small quadrant 0.33 (0.10) 0.850 0.33 (0.09) 0.915 0.886
Nasal small quadrant 0.34 (0.11) 0.33 (0.12) 0.773
Temporal large quadrant 0.40 (0.08) 0.558 0.42 (0.11) 0.096 0.403
Nasal large quadrant 0.42 (0.12) 0.46 (0.09) 0.129
Nonperfusion area, mean (SD),
mm2d
Temporal small quadrant 1.51 (0.22) 0.983 1.54 (0.21) 0.849 0.509
Nasal small quadrant 1.51 (0.27) 1.55 (0.26) 0.490
Temporal large quadrant 5.78 (0.69) 0.924 5.70 (0.91) 0.319 0.740
Nasal large quadrant 5.76 (0.83) 5.50 (0.95) 0.208
Large-vessel diameter, mean
(SD), μme
63.31 (6.21) NA 67.32 (8.67) NA 0.081
Large-vessel tortuosity, mean
(SD), μme,f
1.15 (0.04) NA 1.12 (0.02) NA 0.004
NA, not applicable; ROP, retinopathy of prematurity; SD, standard deviation; SS-OCTA, swept-source optical coherence
tomography angiography; the bold and italic value in the table indicates the two-side P value less than 0.05.
aTotal number of eye volumes among multiple eyes and visits per infant.
bPaired t test comparing nasal and temporal quadrants within each infant.
cComparing preterm infants to full-term infants using a generalized linear mixed model accounting for nonindependence
of multiple measurements (both eyes, quadrants, and visits) per infant.
dCalculated after excluding low-quality quadrants (>30% quadrant area missing vessel information or <80% of average
signal-to-noise ratio for entire image) and grouping superior and inferior quadrants together (n ranges from 20 to 81).
eCalculated from entire en face image (preterm, n = 31; full-term, n = 48) as previously described.53
fRatio of the length of the curve of a large vessel segment over the distance between two ends of the curve.54
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Figure 2. Representative swept-source optical coherence tomog-
raphy angiography scans for nonsedated infants. (A, B) Selected
cross-sectional B-scans passing through the foveal center in a
preterm infant (A) born 28.3 weeks gestational age, 1164 g birth
weight,with retinopathyofprematurity stage0, zone3,withoutpre–
plus or plus disease and a full-term (B) newborn born, gestational
age 37 weeks. The locations of these B-scans are indicated by the
dashed lines in the en face projections (C, D). (C, D) En face projection
of the retina for the preterm infant (C) with a field of view of 7.19 ×
7.19mmand for the full-termnewborn (D)with a field of viewof 6.91
× 6.91 mm. Both images were produced by mean intensity projec-
tion of the entire optical coherence tomography volume. (E, F) Corre-
sponding retinal angiograms of the preterm infant (E) and full-term
newborn (F) produced by maximum-intensity projection between
the internal limitingmembrane and outer nuclear layer. All scale bars
represent 1 mm.
in the image quality between preterm (5.08 ± 1.52
dB) and full-term (4.90 ± 1.12 dB) infants (all P
> 0.05, Table 2). Similarly, there was no significant
difference in image quality between large quadrants
of preterm infants with advanced ROP (7.19 dB for
temporal large quadrants and 5.21 ± 0.74 dB for nasal
large quadrants) and preterm infants without advanced
ROP (5.25 ± 1.14 dB for temporal large quadrants and
5.16 ± 1.10 dB for nasal large quadrants, both P >
0.05, Table 2). The small quadrant image quality of
preterm infants with advanced ROP was significantly
greater than those without advanced ROP (temporal
small quadrant, 11.80± 3.80 dB vs. 4.87± 1.35 dB,P=
0.020; nasal small quadrant, 6.46 ± 2.56 dB vs. 4.62 ±
1.22 dB, P = 0.017, respectively; Table 2). Nonetheless,
no differences in microvascular parameters between
the two groups were identified for the small quadrants
(Table 4). Furthermore, the SNRs of all quadrants in
both preterm subgroups were higher than 80% of the
average SNRof the entire preterm data set (5.08± 1.52
dB, Table 2), and therefore, the quantification results
were still regarded as valid.
Intraobserver Variation
Intraobserver variation (based on coefficient of
variation) from repeated images taken during the same
imaging session was calculated in a subset of five
eyes (two right eyes, three left eyes) of three infants
(two preterm infants, one full-term infant) for each
vascular quantification parameter (Table 3). Among
all eye quadrants, the intraobserver variation of vessel
area density and nonperfusion area reached maximum
values of 11.2% and 12.0%, respectively, which were
felt to be acceptable. Large-vessel measurements were
even more reliable. Among all five eyes, intraobserver
variation of large-vessel diameter and tortuosity only
reached maximum values of 3.9% and 1.8%, respec-
tively.
OCTA Vascular Quantification
Values for all quantitative retinal vascular morpho-
logic parameters are summarized in Table 1. Within
each infant, comparing microvascular parameters
between temporal and nasal quadrants (separately for
large and small) revealed no significant differences for
either preterm or full-term infants. The mean large-
vessel tortuosity of the preterm infants (1.15 ± 0.04)
was higher than that of full-term infants (1.12± 0.02,P
= 0.004, Table 1). The large nasal quadrant vessel area
density of preterm infants with advanced ROP (0.62
± 0.26) was higher than those without advanced ROP
(0.40 ± 0.10, P = 0.007, Table 4).
Other vascular quantification parameters, including
mean large-vessel diameter, nonperfusion areas, and
other quadrant vessel area densities, were not signifi-
cantly different between preterm and full-term infants
or between preterm infants with and without advanced
ROP (Tables 1 and 4).
Discussion
This study presents handheld SS-OCTA for
quantification of both large and small retinal blood
vessel parameters in awake preterm and full-term
newborn infants. Four OCTA quantitative parameters,
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Table 3. Intraobserver Error for Each Vascular Parameter Quantification in Subset of Five Eyesa
Subject 1 Subject 2 Subject 3
Characteristic Right Eye Left Eye Right Eye Left Eye Left Eye
Vessel area density Temporal small quadrant Scan 1 0.49 0.38 Excludedb 0.36 0.34
Scan 2 0.49 0.46 Excludedb 0.38 0.43
CoV 0.001 0.098 NA 0.022 0.112
Nasal small quadrant Scan 1 0.46 0.34 Excludedb 0.39 0.40
Scan 2 0.41 0.38 Excludedb 0.44 0.45
CoV 0.063 0.044 NA 0.060 0.055
Temporal large quadrant Scan 1 0.72 0.46 Excludedb 0.49 Excludedb
Scan 2 0.83 0.45 Excludedb 0.49 Excludedb
CoV 0.073 0.011 NA 0.002 NA
Nasal large quadrant Scan 1 0.45 Excludedb Excludedb 0.42 0.49
Scan 2 0.47 Excludedb Excludedb 0.41 0.55
CoV 0.019 NA NA 0.008 0.060
Nonperfusion area (mm2) Temporal small quadrant Scan 1 1.19 1.54 Excludedb 1.45 1.57
Scan 2 1.30 1.35 Excludedb 1.48 1.31
CoV 0.046 0.068 NA 0.010 0.090
Nasal small quadrant Scan 1 1.44 1.55 Excludedb 1.38 1.36
Scan 2 1.47 1.42 Excludedb 1.24 1.22
CoV 0.013 0.043 NA 0.056 0.056
Temporal large quadrant Scan 1 3.95 5.38 Excludedb 5.37 Excludedb
Scan 2 3.10 5.36 Excludedb 5.73 Excludedb
CoV 0.120 0.002 NA 0.032 NA
Nasal large quadrant Scan 1 5.78 Excludedb Excludedb 5.38 5.02
Scan 2 5.84 Excludedb Excludedb 5.39 4.94
CoV 0.006 NA NA 0.000 0.009
Mean large-vessel diameterc (μm) Scan 1 54.45 70.64 53.14 58.63 57.03
Scan 2 58.81 67.44 53.01 58.98 59.22
CoV 0.039 0.024 0.001 0.003 0.019
Mean large-vessel tortuosityd Scan 1 1.09 1.10 1.14 1.16 1.12
Scan 2 1.13 1.10 1.15 1.13 1.11
CoV 0.018 0.003 0.003 0.013 0.002
aSubject 1 is full term; subjects 2 and 3 are preterm. CoV, coefficient of variation (low CoV represents high observer repeata-
bility); NA, CoV value cannot be calculated due to lack of data after exclusion criteria were applied.
bMore than 30% of quadrant area missing blood vessel information, or the signal-to-noise ratio of that quadrant was less
than 80% of average signal-to-noise ratio for entire image.
cCalculated from large vessels as previously described.53
dRatio of the length of the curve of a large-vessel segment over the distance between two ends of the curve.54
including vessel area density, nonperfusion area, mean
large-vessel diameter, and mean large-vessel tortuosity,
were evaluated among 79 OCTA volumes.
Outside of measuring the FAZ, no prior studies
performed quantification of retinal morphologic
parameters (microvasculature or large vessel) from
OCTA images in the preterm infant population. A
recent study from Falavarjani et al.57 evaluated the
OCTA of children ages 4 to 12 years and demon-
strated a higher mean central foveal vessel area density
in ex-preterm infants compared with that of ex-full-
term infants (P < 0.001), negatively correlating these
parameters to gestational age (P = 0.001) and birth
weight (P = 0.002). We observed a similar pattern for
the nasal large quadrant vessel area density between
preterm infants with advanced ROP and preterm
infants without advanced ROP in the present study (P
= 0.007, Table 4). When comparing preterm infants
screened for ROP to full-term normal newborns, we
identified increased tortuosity in the preterm group
(P = 0.004, Table 1), although absolute differences
were small. While not powered to identify associa-
tions with plus or pre–plus disease, these findings
suggest that OCTA has the potential to identify impor-
tant markers of ROP severity among awake preterm
infants. Currently, the gold standard for ROP screening
is fundus examination with binocular indirect ophthal-
moscopy (BIO)58 and, more recently, wide-field retinal
photography.59,60 Both BIO and wide-field retinal
photography are uncomfortable procedures involving
an eyelid speculum and ocular contact, with high
interobserver disagreement.61–65 Along with several
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Table 4. Comparison of Handheld Optical Coherence Tomography Angiography Vascular Quantification Results
Between Preterm Infants with and without Advanced Retinopathy of Prematuritya
Preterm Infants with Preterm Infants without
Advanced ROP Advanced ROP
Handheld SS-OCTA Findings (n = 12) (n = 142) P Value
Vessel area density, mean (SD)
Temporal small quadrant n = 2 0.25 (0.07) n = 40 0.34 (0.10) 0.203
Nasal small quadrant n = 6 0.28 (0.10) n = 45 0.34 (0.11) 0.402
Temporal large quadrant n = 1 0.34 (NA) n = 19 0.40 (0.08) NA
Nasal large quadrant n = 3 0.62 (0.26) n = 38 0.40 (0.10) 0.007
Nonperfusion area, mean (SD), mm2
Temporal small quadrant n = 2 1.71 (0.24) n = 40 1.50 (0.22) 0.274
Nasal small quadrant n = 6 1.71 (0.23) n = 45 1.48 (0.27) 0.279
Temporal large quadrant n = 1 5.85 (NA) n = 19 5.78 (0.71) NA
Nasal large quadrant n = 3 5.00 (1.17) n = 38 5.82 (0.79) 0.083
Large-vessel diameter,b mean (SD), μm n = 3 63.22 (11.0) n = 28 63.32 (5.82) 0.893
Large-vessel tortuosity,c mean (SD) n = 3 1.15 (0.03) n = 28 1.15 (0.05) 0.944
n indicates the number of quadrants after eliminating quadrants of inadequate quality andmerging results of superior and
inferior quadrants from 1 infant with advanced ROP and 7 infants without advanced ROP. NA, not applicable since P value
cannot be calculated due to limited data; the bold and italic value in the table indicates the two-side P value less than 0.05.
aAdvanced ROP defined as stage 3 and/or pre-plus or worse ROP.
bCalculated from large vessels of entire en face image as previously described.53
cRatio of the length of the curve of a large-vessel segment over the distance between two ends of the curve.54
OCT structural findings associated with ROP severity
that have already been identified,8,12 OCTA objec-
tive quantitative parameters should be explored to
identify additional potential ROP severity biomarkers.
Noncontact handheld SS-OCTA may therefore serve
as a potential ROP screening tool.
There are several limitations in this study. First,
the success rate for acquiring high-quality OCTA
volumes in nonsedated infants was low, primarily
due to decentration, which highlights the inherent
challenges involved in capturing the region of interest
in an uncooperative awake infant.Motion artifacts also
reduced the image quality in acquired OCTA volumes.
Although an acquisition time of 3.8 seconds per
volume is acceptable in the adult population,22 it may
not be sufficient for nonsedated infants. Further reduc-
ing the acquisition time by optimizing the scanning
protocol or using a swept-source laser with a higher
scanning rate may help mitigate this problem. In terms
of refractive error adjustments, an autofocus module
may help to improve the accuracy.
By excluding images with low quality at the
quadrant level, we believe that this study minimizes
bias since we do not expect a systematic disruption
of image quality in particular regions of the retina
relative to others. Following these exclusions, this
device achieved adequate SNR and repeatability in
awake infants for quantitative retinal vascular parame-
ter analysis.
A small sample size along with difficulty in imaging
younger preterm infants and those with severe ROP,
which may be caused by smaller palpebral fissures,
media opacity, and clinical instability, limited the statis-
tical power to identify associations between retinal
vascular parameters and plus or pre–plus disease in this
study. As a pilot exploratory study, this work serves as
a starting point for quantitative OCTA imaging among
nonsedated infants. Future larger studies may further
correlate these OCT parameters with ROP severity in a
broader preterm population.
In conclusion, we are unaware of previous reports
describing quantitative analysis of the vasculature in
preterm infants using handheld SS-OCTA (PubMed
search terms: optical coherence tomography angiogra-
phy AND pediatric). Large- and small-vessel param-
eters have the potential to indicate ROP severity,
pending further improvements to handheld OCTA
technology.
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